INTRODUCTION
Dyslexia is associated with reading abilities substantially below the level associated with a person's age, intelligence, and education level [1] . This disorder, which affects $4% of school-aged children, can impede normal learning. A common hypothesis is that dyslexia arises from sensory processing de®cits. Typically it has been argued that auditory temporal processing de®cits lead to dif®culty in detecting rapid transitions in speech, resulting in poor language acquisition and speech comprehension in dyslexics [2] . However, the impact of such auditory de®cits on non-language related processing, such as grouping and segmenting sounds, is often ignored. Such non-language related dif®culties could interfere with learning in normal situations, such as a noisy classroom.
Hearing in noisy environments is often called the cocktail-party problem [3±5], because it is typi®ed by trying to attend and comprehend one person speaking in a crowded cocktail party where many people are carrying on loud conversations. In a more general sense, however, one must constantly group and analyze multiple sound sources in almost every natural-listening environment. Grouping and segmenting sounds (also called auditory perceptual grouping), is a necessary component in solving this problem. In the present study we investigate whether dyslexic subjects have dif®culties grouping sounds, and whether their auditory perceptual de®cits extend to pitch, as well as timing of a sound sequence.
Streaming and perceptual capture: The ability to separately hear multiple melodies of low and high pitch simultaneously in a musical piece provides an example of auditory perceptual grouping or streaming [4] . Auditory perceptual grouping is usually investigated by presenting a series of pure tones in rapid succession [6, 7] , and asking subjects to discriminate the temporal order of particular tones within the sequence [8] or to detect a segregation (like two segregated melodies) in the auditory pattern [7] . In the laboratory, controlling the pitch and presentation rates of tone sequences can induce the perception of grouping or segregation. Several rules have been derived which guide this process: tones close in frequency tend to group together and perceptually segregate from distant tones in frequency; and at higher presentation rates tones are more likely to segregate into multiple groups [4] .
Perceptual capture can occur when the auditory system uses auditory grouping to resolve multiple sounds and inadvertently groups two separate sounds as belonging together. For example, if two melodies are presented simultaneously, a note may be ambiguously grouped, or captured' by either melody. Dyslexics have different temporal boundaries for detecting segregation of sound sources [9] ; they are more likely than controls to hear multiple groupings when sounds are presented slowly. In the present study we demonstrate that this difference in grouping can lead to dif®culty in discriminating the frequencies of sounds, as a result of perceptual capture.
In a task designed to investigate perceptual grouping, O'Connor and Sutter [10] showed that the ability to determine the order of two target tones interspersed in a repeating series of background tones declines (Fig. 1) as the frequency of the highest frequency tone gets further from the middle frequency and background tones. When no background tones were present, however, the participants had no dif®culty discriminating the order of the two isolated targeted tones. These ®ndings are consistent with the interpretation that the middle tone is captured into the background as the high tone splits into a separate group (®lled symbols in Fig. 1 ) and provides evidence that long range or global frequency interactions are important for perceptual grouping [10] .
In the present study we tested the hypothesis that dyslexics would be more likely to experience inappropriate capture, as a result of global frequency processing. This was achieved by determining whether the temporal and spectral boundaries for capture were different in dyslexic and control subjects. The implication of dyslexics experiencing inappropriate capture is that in a room with multiple sound sources they might inappropriately segment certain parts of the speech signal, and thereby not group the cues correctly. Such a de®cit could also contribute to the dif®culty dyslexics have in acquiring and perceiving language since one is rarely in absolutely quiet environments.
MATERIALS AND METHODS
Eight dyslexics and 11 controls between the ages of 18 and 32 years participated in this study. Our human participants' protocol was approved by the Human Subjects Committee at UC Davis. Consent was given by the participants. Inclusion of dyslexics was based on their report that they were clinically diagnosed with dyslexia or language learning impairment, or diagnosed by the learning disability center of UC Davis as having dyslexia or a language learning impairment. When we attempted to con®rm this diagnosis with tests administered ourselves, dyslexics had a poorer reading rate than controls (NelsonDenny reading rate average 10.9th percentile, dyslexics; 55.4th percentile, controls; p , 0.01).
Experimental sessions, each consisting of 200 trials, were conducted in a darkened, sound-attenuated booth (IAC; 9.5 3 10.5 3 6.5 feet), foam-lined to reduce echoes. The participants were asked to determine whether a rapid sequence of tones contained two or three distinct tone frequencies, one of which was the background (Fig. 1 ). Tones were 50 ms in length and were cosine ramped on/ off for 5 ms. Two and three frequency trials were randomly interleaved. In two frequency trials the middle tone was replaced with a background tone or a silent gap. Participants initiated presentation of the auditory sequence by depressing a hand-held, push-button switch. They were told to listen for a repeating stimulus and to release the switch only if they heard three distinct frequencies. The presentation rate (inter-stimulus interval, ISI) and the frequency of the high tone were the independent variables. The change in frequency from the middle tone to the high tone was called Äf (Fig. 1 ). The sequence continued until 3±5 targets or target pairs were presented. The participants were given visual feedback at the end of each trial. Performance was measured by how often they correctly detected the presence of three frequencies. Seven individuals from each group completed two sessions, allowing us to assess the effects of learning on performance. The statistical analysis used was a three-factor analysis of variance with repeated measures on two variables: ISI and Äf.
RESULTS
Overall, dyslexics performed worse than controls (F(1,12) 10.487, p , 0.01), and this difference was frequency dependent. This result is summarized in Fig. 2 , in which the proportions of correct identi®cations of three tones are plotted as a function of Äf and ISI. Combinations of Äf±ISI which were signi®cantly different between the groups are shown by ®lled symbols. For longer ISIs performance of controls and dyslexics was similar at small Äfs, but at larger Äfs the performance of dyslexics dropped dramatically. Across both groups, performance tended to improve with longer ISIs and decrease with larger high frequency values (i.e. larger Äfs), which was signi®cant (ISI: F(3,36) 44.719, p , 0.0001; Äf: F(4,48) 22.440, p , 0.0001). Dyslexics also showed an interaction between Äf and ISI (F(12,72) 2.16, p , 0.05), indicating that performance decreased with increasing presentation rate (ISI), and depended on Äf. The controls, however, did not show this interactive effect. In total, these data indicate that dyslexics are experiencing a stronger capture effect at larger values of Äf.
In the course of two sessions, the performance of control subjects on the task improved, whereas this improvement was not observed in dyslexics. Results for the two groups for the ®rst and second sessions are summarized in Fig. 3 . The improvement of the controls over time was most obvious at larger Äfs and was signi®cant (F(1,6) 14.475, p , 0.01). The performance of dyslexics did not signi®-cantly improve. Overall these results suggest that the putative capture effect mediating poorer performance at larger Äfs is more resistant to change in dyslexics than in controls.
DISCUSSION
Dyslexia and non-language de®cits: One of our central hypotheses was that dyslexics would have auditory perceptual problems unrelated to the phonetic analysis of speech in a quiet background. Such non-speech de®cits could lead to impaired language acquisition abilities. The experiments herein demonstrate that dyslexics are impaired in auditory perceptual grouping and suggest that these impairments can lead to poor discriminative abilities under noisy listening conditions. Dougherty et al. [11] have also demonstrated that dyslexics have non-speech related perceptual de®cits that could impair learning. They have shown that dyslexics have dif®culty assessing dichotic pitch, and hypothesized that dyslexics have trouble extracting signal from noise, which may play a causal role in their dichotic pitch problems, and learning. Dichotic pitch, streaming [9] and our results, when combined, indicate that dyslexics have dif®culty constructing scenes of the auditory world. This should lead to dif®culties in learning to properly group sounds, because different elements of the sounds might be inadvertently assigned to the wrong auditory object. This might either result in dif®culties focusing on an individual who is speaking, inadvertently capturing elements of one person's speech into the speech sounds from another individual's voice, or possibly lead to background sounds blending into speech signals. High-level global processing of frequency in dyslexics: Our results also indicate that dyslexics have profound de®cits related to perceiving sound frequency and not solely timing. Evidence for this is that dyslexics have trouble correctly reporting the frequency of sounds and that dyslexics perform similar to controls at small Äfs, but worse at large Äfs. If their de®cit were purely temporal, then dyslexics should be impaired at all Äf values. The signi®cant differences at large Äfs imply that the dif®cul-ties of dyslexics in this task are related to the global processing of frequency in perceptual grouping [10] and not to local frequency processing by peripheral ®lters. These de®cits are different to the previously reported frequency-resolving de®cits in dyslexics that depend on local frequency processing. The just noticeable difference (JND) for 1000 Hz tones in dyslexics is between 10 and 30 Hz [12±14], about twice that of controls in all studies. In our study, dyslexics had little trouble determining that three frequencies were present when the background was 1000 Hz, the middle tone was 1030 Hz and the high tone was 1060 Hz. The separation of all three tones is above their JND, so this is expected. Our results at small Äfs are inconsistent with a purely low-level problem. If the effect were caused simply by a blurring of activity within auditory nerve ®bers, the problem should become more pronounced at small Äfs which is not the case.
The drop in performance at large Äfs probably results from a fundamentally different, higher-level, global frequency processing mechanism. At large Äfs the high tone seems to affect the perception of the relationship of the middle tone to the background tone. In particular these results are consistent with the 1030 Hz middle tone being perceptually captured by the 1000 Hz background tone and in effect becoming indistinguishable from the background tone. This can only occur, however, when the high tone can segregate from the middle tone by being far enough away in frequency from the middle tone. Low-level mechanisms cannot account for the observed results because the effect of the high tone on the perception of the middle or background tones becomes larger as the high tone becomes further away in frequency. Masking effects at lower levels in the auditory system get more severe only as tones get closer in frequency [15] , rather than farther apart. Our results also differ from backward masking experienced by dyslexics [16] , which depends on local, rather than global, frequency interactions. Another reason higher level processing is inferred is because the capture effect occurs when the high tone either precedes or follows the middle tone. When the high tone follows the middle tone, the high one is either exerting an effect on the order of 100±200 ms backwards in time or an effect about 1 s forward in time to alter the perception of the subsequent middle tone [10] . Simple sub-cortical auditory neurons exerting backward and forward effects on these time scales have not been reported. Therefore, this effect likely results from high level auditory global frequency processing related to perceptual grouping [10] .
Conceptual framework of streaming and its relationship to dyslexia: Several models have described perceptual grouping. Helenius et al. [9] proposed that streaming differences experienced by dyslexics might relate to interference effects within the temporal window of a buffer, and that this window is longer in dyslexics [13] . We would take this model one step further and add that this buffer is sensory and depends on global frequency information.
Our results suggest that when processing must be accomplished within several hundred milliseconds, this buffer is best at holding tonal information that is at some optimal frequency separation. Alternatively, we may say that the buffer performs best when the input frequencies are close (though still at some minimal separation) to some frequency operating point of the buffer. We also propose that the operating point of the buffer may be set by sensory expectation (not necessarily an attentive expectation). According to this view, the repeating 1000 Hz background tones in our experiment create a strong sensory expectation that upcoming tones will be close to 1000 Hz, and sets the operating point of the buffer near 1000 Hz. However, the presentation of a high (unexpected) frequency tone disrupts this predictive process interfering with storage and/ or retrieval from the buffer.
How the brain makes predictive models or expectations is a point of recent interest in sensory processing. Anatomical feedback connections are well established throughout the auditory system [17±20]. This leads to the interesting possibility that feedback is involved. If so, it is possible that dyslexics' de®cits are due to added delays within one or more feedback loops. It is well established that adding delays to feedback loops can severely impair their operation, and it is an intriguing possibility that the dif®culty experienced by dyslexics in processing rapid sequential events might be due to an increased delay in neural feedback loops.
Auditory learning in dyslexics and controls: That dyslexics fail to improve over two sessions while controls do is interesting. There are several possible reasons for this difference. One reason is that one cannot learn from what one does not perceive, and therefore dyslexics cannot improve. Another is that dyslexics might improve with more experience with the task. A third possibility is that dyslexics might show improvement by gradually increasing the task's dif®culty from an initial easier level. Psychophysical training programs designed to improve language skills in dyslexics (such as those by [21] and [22] ) support the third possibility. Such programs might bene®t from the results of the present study, by incorporating the effects of perceptual grouping (which might include memory and attention) in training. Incorporating these factors into the intervention might lead to better overall improvement of function in dyslexics.
CONCLUSION
These data demonstrate that dyslexics are impaired in their ability to group auditory objects and that this impairment depends both on the global frequency content and presentation rate of sounds. The results indicate that the de®cit depends on the spectro-temporal context of the sound, and is fundamentally different than dyslexics' impairment in discriminating the frequency of two tones presented in isolation. We conclude that dyslexics have high-level, nonspeech auditory impairments that affect their ability to group sounds, and that these de®cits may contribute to learning impairments.
